We recently reported that the T-box transcription factor midline (mid) functions within the Notch-Delta signaling pathway to specify sensory organ precursor (SOP) cell fates in earlystaged pupal eye imaginal discs and to suppress apoptosis (Das et al.). 
Introduction

Mid: at the crossroads of Notch and InR signaling
T-box transcription factors (TFs) are characterized by a conserved palindromic T-box DNA-binding domain and are expressed in metazoan species across all phyla (Degnan et al., 2009; Muller and Herrmann, 1997) . The Drosophila T-box gene midline (mid) has been shown to regulate cell fate specification in the developing epidermis (Buescher et al., 2004) , heart (Miskolczi-McCallum et al., 2005; Qian et al., 2005; Reim et al., 2005) , CNS (Buescher et al., 2006; Leal et al., 2009) , and eye tissues (Das et al., 2013) . In addition to functioning as a segment polarity gene (Buescher et al., 2006) , mid regulates axon growth to establish the neuronal architecture of the embryonic nerve cord (Jacobs, 1993; Liu et al., 2009 ). The evolutionarily conserved vertebrate homolog of Mid, Tbx20, is also expressed in distinct cell types of the developing eye (Kraus et al., 2001; Meins et al., 2000) , heart (Chakraborty and Yutzey, 2012; Greulich et al., 2011) , and CNS (Kraus et al., 2001; Song et al., 2006; Takeuchi et al., 2005) .
We reported that mid is vital for the specification and survival of proneural sensory organ precursor (SOP) cells (Das et al., 2013) . SOP cells give rise to approximately 450 interommatidial bristle (IOB) complexes of the adult eye (Perry, 1968; Waddington and Perry, 1960) . Decreasing mid expression using the UASGal4 expression system (Brand and Perrimon, 1993) and RNAi methodology (Lee and Carthew, 2003) to generate a mid-RNAi mutation within the developing eye induced apoptosis during early stages of pupation (Das et al., 2013) . Placing the midRNAi mutant in a genetic background deficient of pro-apoptotic genes partially rescued cell death and suggested that mid regulates cell survival. We show here that placing the mid-RNAi mutation in either a heterozygous dFOXO 25 or dFOXO Δ94 TF mutant background significantly suppresses the mid mutant eye phenotype leading to a nearly complete recovery of the adult eye to its normal integrity. The dFOXO transcription factor functions downstream of the Insulin receptor (InR) and has been shown to regulate apoptosis within Drosophila neurons (Hong et al., 2009) . Recent genetic studies have confirmed that the InR also regulates the formation of SOP cells within the peripheral nervous system likely in conjunction with the Notch-Delta lateral inhibition mechanism (Dutriaux et al., 2013) . This finding is consistent with results we present showing that Mid and members of the InR pathway including dFOXO regulate IOB formation by specifying SOP neuronal cell fates within the eye imaginal disc in collaboration with Notch. The Notch-Delta lateral inhibition mechanism is evolutionarily conserved and involves the acquisition of neural competence among a field of ectodermal cells (Axelrod, 2010) . From an established proneural field, a single cell achieves a dominant neuronal fate by expressing high levels of the proneural proteins Achaetae (Ac) and Scute (Sc) in addition to Delta, a specific transmembrane ligand of the Notch receptor (Fig. 1B) (Artavanis-Tsakonas et al., 1995; Cubas et al., 1991; Muskavitch, 1994; Carroll, 1991, 1994; Skeath and Doe, 1996) .
The Notch-Delta pathway is activated in a juxtacrine manner. The Notch receptor, also a transmembrane protein, is activated in neighboring cells by Delta via cell-cell contact (Fig. 1A) . Activated Notch undergoes a conformational change resulting in the cleavage of its intracellular domain (NICD) (Schroeter et al., 1998) which translocates into the nucleus to convert the Suppressor of Hairless [Su(H)] TF from a cotranscriptional inhibitor to an activator of the Enhancer of split [E(spl)] gene complex allowing for proneural gene expression (Fig. 1A,B) (Ligoxygakis et al., 1998) . The E(Spl) TF proteins inhibit the expression of ac and sc gene targets as well as other proneural genes committing these cells to assume default, nonneuronal fates (Jimenez and Ish-Horowicz, 1997 ).
Conversely, Su(H), in association with Groucho (Gro), Hairless (H), and the C-terminal Binding Protein (CtBP), inhibits expression of the E(spl) gene complex leading to neuronal cell fate acquisition in the Delta-sending cell (Castro et al., 2005; Nagel et al., 2005) . Cell fate determinants, such as Mid (Leal et al., 2009; Das et al., 2013) and Dachshund (Dac), a retinal determination factor harboring a forkhead box containing protein (Zhou et al., 2010) , can affect cell fate specification independently of regulating cell growth or survival by engaging in potential crosstalk with the Notch pathway. Moreover, impairment of Notch signaling has been shown to be associated with reduced levels of apoptosis and increased cell survival (Aithal and Rajeswari, 2013) . We address the hypothesis that Mid functions at the intersection of co-regulatory TF networks that promote cell specification and survival downstream of the Notch, InR/Akt, and c-Jun N-terminal (JNK) signaling pathways.
dFOXO is a central regulator of InR/Akt signaling
The Drosophila dFOXO TF is a member of the Forkhead box class O family of TFs and is evolutionarily conserved with the human homolog FOXO1. FOXO1 is highly expressed in heart, brain, kidney, and adipose tissues (Greer and Brunet, 2005) . Mammalian FOXO proteins are represented by four distinct members of the "O class" including FOXO1, FOXO3, FOXO4, and FOXO6 (Brunet et al., 2011; Greer and Brunet, 2005) . Although a single dFOXO isoform is expressed in Drosophila, the genome contains 17 genes harboring forkhead DNA-binding domains and the transcripts of at least seven of these genes are detected in multiple tissues from all germ layers (Lacin et al., 2014; Lee and Frasch, 2004; Zhu et al., 2012) . Mammalian FOXO proteins are responsive to hormones and growth factors including nuclear hormone receptors (van der Vos and Coffer, 2008) , Insulin-like Growth Factor type I (IGF-I), and insulin (Brunet et al., 1999; Nakae and Accili, 1999) .
Drosophila express eight insulin-like peptides (dILPs) with distinct functions and spatiotemporal expression patterns (Kannan and Fridell, 2013) . The activity of the dFOXO TF is regulated by Drosophila dILP2 which is highly conserved, both structurally and functionally, with insulin (Brogiolo et al., 2001) . Insulin and dILP2 regulate cell growth, development, metabolism, and stress responses. The dILP2 peptide is expressed within a population of neurosecretory cells located within the brain referred to as insulin-like peptide producing cells (IPCs). IPCs are analogous to insulin-secreting pancreatic β cells in mammals (Ikeya et al., 2002; Rulifson et al., 2002) . dILP2 is also highly expressed within the salivary glands (Kannan and Fridell, 2013) . A humoral link between the fat body and larval brain stimulates dILP2 and also dILP5 release from IPCs (Geminard et al., 2009 ). dILP2 and dILP5 circulate within the hemolymph and specifically target InR complexes (Brogiolo et al., 2001) . dILP2 bound dimeric dInR complexes are activated via autophosphorylation of tyrosine residues located within the intracellular carboxyl-terminal (C-terminal) domain leading to a cascade of phosphorylation events mediated by adaptor proteins and kinases (Fig. 1A) (Rulifson et al., 2002 ). An essential adaptor protein recruited to the InR-phosphorylated C-terminal domain is Chico, the Drosophila homolog of the insulin receptor substrate (IRS) proteins 1-4 in mammals (Clancy et al., 2001) (Fig. 1A) . Chico forms a complex with phosphatidyl inositol 3′-OH kinase (PI3K) (Leevers et al., 1996) , an enzyme associated with the plasma membrane (PM) that converts phosphotidyl inositol 4,5 bisphosphate (PIP2) into phosphatidyl 3,4,5-triphosphate (PIP3).
The PIP3 molecule binds with high affinity to a pleckstrin homology domain within Akt (also known as protein kinase B or PKB) exposing a kinase domain. The kinase domain is then phosphorylated by phosphoinositide dependent kinase 1 (Pdk1) (Georgescu, 2011) . Phosphorylated Akt (Akt-P) dissociates from the PM and translocates into the nucleus to phosphorylate dFOXO on a conserved Ser/Thr phosphorylation motif. The d14-3-3 chaperone protein binds to phosphorylated dFOXO (dFOXO-P) and shuttles dFOXO-P into the cytoplasm (Brunet et al., 1999) . FOXO regulation by Akt phosphorylation and 14-3-3 nucleoplasmic shuttling is an evolutionarily conserved mechanism utilized by Caenorhabditis elegans, Drosophila, and mammals (Tzivion et al., 2011) .
Once sequestered in the cytoplasm, dFOXO-P is prevented from affecting gene expression important for regulating proliferation, growth, or responses to stress. In addition to targeting dFOXO, Akt phosphorylates the target of rapamycin (dTOR) tumor suppressor gene which subsequently phosphorylates the translational inhibitor eukaryotic initiation factor 4E-binding protein (d4E-BP) (Gingras et al., 2001) rendering it inactive and inhibiting translation (Brunet et al., 2011) .
The InR/Akt signaling pathway is antagonized by conditions of metabolic stress or when the tumor suppressor and phosphatase, dPTEN (Drosophila phosphatase and tensin homolog deleted on chromosome 10), hydrolyzes PIP3 to PIP2 to inactivate Akt (Maehama et al., 2004; Oldham et al., 2002) (Fig. 1A) . When the InR signal transduction cascade is attenuated, protein synthesis increases while the expression of cell cycle genes is suppressed. Cytoplasmic dFOXO is dephosphorylated and translocates into the nucleus to regulate the expression of several target genes including Drosophila myc (dmyc), d4e-bp, dglucose-6-phosphatase (dG6P), and dInR (Fig. 1A ) (Junger et al., 2003; Mattila et al., 2008; Puig and Tjian, 2005; Puig et al., 2003; Tettweiler et al., 2005) . By activating dInR expression, dFOXO regulates a positive feedback loop to increase dInRs at the cell surface when nutrients are sparse. Using an allelic modifier screen, we report here that mid interacts genetically with nearly all members of the InR/Akt signaling pathway ranging from the InR receptor to dFOXO.
The JNK pathway antagonizes InR signaling
The Drosophila JNK pathway is comprised of a mitogenactivated protein kinase (MAPK) cascade represented by the JNKKK slipper (slpr), JNKK hemipterous (hep) (Glise et al., 1995) , and the JNK basket (bsk) (Riesgo-Escovar et al., 1996; Sluss et al., 1996; Weston and Davis, 2007) (Fig. 1A) . In vertebrates, transcription of JNK target genes is regulated by the TF activatorprotein 1 (AP-1), composed of Jun and Fos where each transcription factor is activated via phosphorylation by JNK (Karpac and Jasper, 2009) . Drosophila dJun and dFos counterparts are also regulated by Bsk phosphorylation. dJun heterodimerizes with dFos forming an AP-1 complex to activate expression of the puckered (puc) gene, a mitogen-activated protein kinase (MAPK) phosphatase that feedback inhibits Bsk (Glise and Noselli, 1997; Kockel et al., 1997) . Connector-ofkinase to AP-1 (Cka), a scaffold protein, recruits phosphorylated Hep which, in turn, phosphorylates Bsk (Chen et al., 2002) . Under conditions of oxidative stress, JNK signaling pathway promotes dFOXO translocation into the nucleus and increases the expression of anti-oxidant genes (Huang and Tindall, 2007; Kops et al., 2002; Sunayama et al., 2005; Wang et al., 2005) . From a genetic modifier screen we demonstrate that mid antagonizes most members of the JNK pathway including dJun, dFos, and puc.
Results
A genetic modifier screen identifies dFOXO and novel gene candidates that interact with mid
We combined the UAS-Gal4 binary expression system (Brand and Perrimon, 1993) with RNAi methodology (Lee and Carthew, 2003) to generate a perpetual line of UAS-mid-RNAi;GMR-Gal4 (mid-RNAi) mutant flies. The GMR-Gal4 driver targets the reduction of mid within and posterior of the morphogenetic furrow (MF) in the eye imaginal disc of 3 o L (Hay et al., 1994) . The MF is a contractile wave of differentiating tissue from which precursor cells are recruited in stepwise fashion to form clusters of cells that will develop into ommatidia, the unit facets of the adult eye. One-day-old female mid-RNAi mutant flies exhibit compound eyes characterized by an approximately 50% loss of interommatidial bristles (IOBs), ommatidial fusion, reduced pigmentation, and cell death (Fig. 2B) (Das et al., 2013) .
From a genetic modifier screen, we found that placing the Dros Del chromosomal deficiency line Df(3R)ED5634 in a heterozygous mutant state within the UAS-mid-RNAi;GMR-Gal4 background suppressed the mid-RNAi mutant phenotype. UASmid-RNAi/+ ;GMR-Gal4/Df(3R)ED5634 progeny exhibited an~20% loss of bristles compared to the~58% loss observed in midRNAi progeny (Fig. 2C) 
0.0002
Df(3R)ED5634 deletes the cytological region 88A4-88B1. We initiated overlapping chromosomal deficiency mapping to further delimit the cytological interval harboring mid-interacting genes. Df(3R)BSC617 deletes cytological interval 88A8-88B1 which partially overlaps with 88A4-88B1 ( Supplementary Fig. S1 ). We found that 1-day-old adult UAS-mid-RNAi/+ ;GMR-Gal4/BSC617 flies did not suppress the mid-RNAi mutant bristle phenotype (Supplementary Table S1 ). We next validated this result by generating UAS-mid-RNAi/+;GMR-Gal4/Df(3R)Exel7321 flies where Df(3R)Exel7321 deletes the cytological region 88A9-88B1 ( Supplementary Fig. S1 ). Since the bristle numbers of UASmid-RNAi/+;GMR-Gal4/Df(3R)Exel7321 eyes again recapitulated Table 1 , respectively, in addition to statistical data with p-value parameters. Other genotypes of progeny generated from parental crosses were phenotypically WT (data not shown).
the mid-RNAi mutant phenotype, we were able to delimit the chromosomal interval harboring mid-interacting genes to 88A4-88A8 with confidence (Supplementary Table S1 ). We also generated UAS-mid-RNAi/+;GMR-Gal4/Df(3R)BSC470 flies. The Df(3R)BSC470 line deletes regions 88A11-88B1 ( Supplementary  Fig. S1 ). The bristle numbers of UAS-mid-RNAi/+;GMR-Gal4/ Df(3R)BSC470 also recapitulated the mid-RNAi phenotype (Supplementary Table S1 ). The 88A4-88A8 region deletes the following genes listed in the order of their reported loci within the genome (Flybase.org): roadkill (rdx), Cyp6d5, CG3061, CG9922, dFOXO, Npc2b, CCHa1, CG9920, and pk1r (Supplementary Fig. S1 ). We placed a null mutant allele and/or transgenic RNAi line of each gene within the mid-RNAi background to identify potential mid-interacting genes by screening for suppressors of the mid-RNAi phenotype. We found that placing mutations of rdx, Cyp6d5, CG9922, dFOXO, and pkr1 in the mid-RNAi background significantly suppressed the mid-RNAi mutant phenotype (Table 2 ). IOBs were recovered and tissue integrity was partially recovered (data not shown).
As discussed, dFOXO functions downstream of the InR and JNK signaling pathways. We decided to pursue the functional characterization of dFOXO as a mid-interacting gene to elucidate the mid-specific transcription factor regulatory network guiding the specification of cells as well as promoting their survival. The latter relationship associating a novel survival function for mid has only been reported for one T-box gene, T-bet (Rockwell et al., 2012; Szabo et al., 2000) .
We 
Allelic modifier studies show that mid genetically antagonizes nearly all members of the InR/Akt signaling pathway
We undertook allelic genetic modifier studies by placing mid-RNAi flies within either heterozygous null mutant allelic and/or transgenic RNAi lines available for genes known to function within the InR/Akt genetic pathway including dILP2, dILP5, dILP6, dInR, chico, dPI3K, dPTEN, dPDK1, dAkt, dTOR, and Thor. The Thor gene encodes the 4E-BP protein. We also assayed a different null mutant allele of dFOXO, dFOXO
Δ94
. Instead of counting all of the bristles of the compound eye, we counted bristles generated in the dorsal half of the eye since these numbers provided more accurate bristle counts of montaged images obtained from the light compound microscope. We showed previously that the reduction of bristles within the mid-RNAi eye was approximately 50% when measured in either the dorsal or ventral half of the eye (Das et al., 2013) . All heterozygous mutant alleles and RNAi lines of the InR pathway exhibited normal bristle numbers compared to WT flies (data not shown) and were each independently crossed to mid-RNAi flies to carry out the modifier screen. With the exception of dPDK1 and Thor, at least one specific mutant allellic or transgenic RNAi line of each gene placed in the mid-RNAi background significantly suppressed the mid mutant phenotype (Fig. 3) (Table 3) .
The most effective suppressors of the mid-RNAi phenotype recovered a majority of IOBs and exhibited normal cell morphology, especially within the peripheral region of the eye (Fig. 3) 
Allelic modifier studies show that mid genetically antagonizes most members of the JNK signaling pathway
Similarly, we carried out an additional allelic modifier study by placing mid-RNAi flies within either heterozygous null mutant allelic and/or RNAi lines available for genes known to function within the JNK signaling pathway. We found that the compound eyes of flies with TRiP-hep, TRiP-cka, TRiP-bsk, and TRiP-fos mutations placed in the mid-RNAi background exhibited a significantly suppressed mid-RNAi phenotype, where bristles were recovered by 26-46% (Fig. 4) (Table 4) . Less significantly, the mid-RNAi mutant phenotype was suppressed with TRiP-slpr and TRiP-jun with a recovery of~16% and~41% bristles, respectively ( Fig. 4A and E) ( Table 4 ). The UAS-mid-RNAi/+;GMRGal4/puc DN compound eyes also showed a suppressed midRNAi phenotype where bristles were recovered by~27% ( Fig. 4G ) (Table 4 ). Based on these results, we propose that mid functions downstream of bsk within the JNK signaling pathway to antagonize InR/Akt signaling by relieving a negative feedback inhibition loop (Fig. 4H ). In addition, mid antagonizes the JNK pathway at the level of hep and cka ( Fig. 4B and C).
mid interacts with gro to regulate SOP cell fate specification and bristle formation
The allelic modifier screens indicated that mid genetically antagonizes most, if not all, InR and JNK pathway members. To rule out the possibility that the RNAi TRiP lines we crossed into the mid-RNAi background were bypassing their specific mRNA targets and generally antagonizing the apoptotic pathway, we placed a gro-TRiP RNAi line into the mid-RNAi background. It was previously shown that Gro and Mid physically Table 2 -Dorsal mean IOB counts of mid-interacting candidate genes identified from a genetic modifier screen. Each column represents a specific genotype and the mean dorsal IOB count ± SEM. The first two uncolored columns are additional F1 progeny recovered in the genetic modifier screens which do not carry the GMR-Gal4 driver line. The green-labeled genotype represents an F1 progeny heterozygous for both the mutant allele and the GMR-Gal4 driver line which provides a WT phenotype of bristle numbers that are nearly equivalent to those of OR flies. The red-labeled genotype represents an F1 progeny designated as a mid-RNAi condition except where there is a "P". The "P" label indicates that an internal F1 mid-RNAi genotype was not generated from the cross and the genotype represents a parental mid-RNAi compound eye (UAS-mid-RNAi/CyO;GMR-Gal4/TM3). The blue-labeled genotype represents an F1 progeny that places a heterozygous mutant allele or UASRNAi-TRiP line of an InR pathway member in a mid-RNAi background to assay for enhancement or suppression of the mid-RNAi phenotype. Recovery was determined as the percentage change between the flies with the mid-RNAi condition (red column) and flies with a heterozygous mutant allele in the background of the mid-RNAi condition (blue column). The data sets represented in the bar graph were statistically analyzed using tests as described in detail in Section 4.9. 
± 12 222 ± % 3 2 6 p = 0.0070 Table 3 . The data sets represented in the bar graph were statistically analyzed using several tests as described in detail in Section 4.9. The genetic data suggest that mid antagonizes most members of the InR receptor pathway. Based on the broad range of suppression, mid appears to genetically antagonize specific alleles in a dosage-dependent manner. (Das et al., 2013) . Indeed, UAS-mid-RNAi/+;UASGro-TRiP/GMR-Gal4 flies exhibited an enhancement of the midRNAi phenotype and a further reduction of bristle numbers (Fig. 5) . These results validate the efficacy of the TRiP RNAi lines we utilized which have been reported not to produce off target effects (Ni et al., 2009 ). However, not all TRiP lines are guaranteed to be effective. We have reported several of these lines as an informative resource (Supplementary Tables S3 and 4) .
Mid exhibits a nuclear and cytoplasmic distribution
Based on the genetic data, we addressed the possibility that Mid may interact directly or indirectly within N, InR/Akt, and (Fig. 6) . The 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) demonstrates by Western analysis that Mid exhibits a broad band of co-migrating molecular weight species running at~72 kDa, slightly above the predicted molecular weight of 63 kDa. Such a feature indicates that one or more post-translational modifications have occurred that may be essential for regulating Mid activity. Although detected within the cytoplasmic fraction expressing β-Tubulin, Mid is predominantly located within the nuclear fraction marked by Lamin-C. H15 also demonstrates a nucleocytoplasmic distribution pattern by immunofluorescent labeling and Western analyses (data not shown).
Inducing oxidative stress suppresses the mid-RNAi mutant phenotype
We next determined whether inducing metabolic stress via a starvation paradigm affected the development of IOBs in 1-day-old female WT and mid-RNAi flies. Following a starvation period of 24 hours during late 3 o L stages, both WT and midRNAi flies exhibited a similar increase in IOB numbers within a smaller eye field (data not shown). We then fed WT and mid-RNAi larvae throughout all larval developmental stages a 1 mM dose of paraquat to induce oxidative stress. Paraquat treatment significantly suppressed the mid-RNAi phenotype (Fig. 7A ). Higher doses of paraquat (5, 10 and 20 mM) were ineffective in modifying the mid-RNAi phenotype or were lethal to the organism resulting in reduced hatching or headless adult flies (30 mM) (data not shown). In addition, 1 mM paraquat treatment decreased the eye sizes of WT and mid-RNAi flies. For this reason, we quantified the number of bristles per unit area of the dorsal region of the eye to normalize the results and to make accurate comparisons between control and paraquattreated groups. Since obesity is linked to the generation of high levels of cellular reactive oxygen species (ROS), we also fed larvae 20% virgin coconut oil throughout all larval stages of development to induce obesity. Coconut oil treatment resulted in a significant suppression of the mid-RNAi bristle phenotype (Fig. 7B ). As observed with paraquat treatment, the eye sizes of coconut oil-treated WT and mid-RNAi flies were decreased compared to untreated flies.
2.7.
Mid and Engrailed expression patterns within 3 o L eye imaginal discs are modified under dFOXO loss-offunction, but not under dFOXO gain-of-function conditions mid functions as a segment polarity gene during embryogenesis and confines the expression of Wg to a single domain anterior of Engrailed (En) and Hedgehog (Hh) expression within each parasegment of the ventral epidermis (Buescher et al., 2004; Formaz-Preston et al., 2012) . For this reason, we were interested in following the coexpression pattern of Mid and En in WT and dFOXO Δ94 null 3 o L eye imaginal discs to detect possible effects on pattern formation. Using a dFOXO-GFP line, we detected dFOXO expression within all photoreceptor neurons (PNs) (data not shown). Under WT conditions, Mid and En are coexpressed within all PNs assembled into clusters of eight (R1-R8) posterior of the MF (Fig. 8A-C) (Strutt and Mlodzik, 1996) . We also detect a band of dispersed En-expressing cells posterior of the MF (Strutt and Mlodzik, 1996) . However, under dFOXO Δ94 null conditions, a substantial level of Mid and En expression is lost in most PNs except within a population of PNs located within the anterior-most regions of the disc (Fig. 8D-F ).
In the absence of both dFOXO and Mid expression, En expression is also compromised posterior of the MF (Fig. 8E and F) .
Overexpressing dFOXO using the GMR-Gal4 driver did not affect Mid or En expression patterns (data not shown). Under midRNAi mutant conditions, En expression is detected in PNs, but not posterior of the MF (Fig. 8G-I ). Thus, dFOXO and Mid may be required to regulate En expression within this restricted domain. Of note, these effects are specific to the eye imaginal disc since the expression pattern of Mid and En is not altered within WT and dFOXO null antennal discs ( Fig. 8J and  K) . We quantified the relative fluorescence levels of the emission spectra for Mid (488 nm) and En (594 nm) detected within the anterior compartment of the eye disc posterior of and including the MF. We gathered mean fluorescent intensities from eight 1 µm slices and then montaged the images of immunostained WT, dFOXO null, and mid-RNAi eye imaginal discs to analyze these results further (Supplemental Fig. S2A-I ). However, all measured mean intensities for Mid and En expression across all conditions were not significantly different from each other and thus, do not correlate with the detected patterns of cellular localization (Supplemental Fig. S2J,K) . Until we have a suitable dFOXO antibody for immunofluorescent studies, we are unable to assess dFOXO expression under mid loss-of-function (LOF) or mid gain-of-function (GOF) conditions. Since late-staged dFOXO null larvae die before pupation, we also could not examine the expression patterns for either En or SOP cell markers within pupal eye discs to discern widespread dFOXO LOF effects on SOP cell specification. However, we are generating dFOXO null mosaic clones during pupal stages to determine whether SOP cell generation identified by Mid, Ac and/or En expression is altered to complement results of a separate study in which we are tracking Mid and En expression within specific neuroblast populations of developing WT and dFOXO null 3 o L brains.
Discussion
Mid genetically antagonizes Akt signaling
By undertaking an extensive allelic modifier screen, we have shown that mid significantly antagonizes members of the InR/Akt signaling pathway (Fig. 3) . We first propose a cell autonomous model to understand the mechanism by which Mid antagonizes dFOXO in vivo to regulate bristle formation. The model is based on the hypothesis that Mid and dFOXO TFs compete with each other to associate with Su(H). A MidSu(H) or dFOXO-Su(H) complex differentially regulates the recruitment of accessory corepressor or coactivator proteins to regulate the transcription of the E(spl) gene complex, a target of N signaling (Fig. 9) .
The negative regulation of E(spl) expression has been described as a default "off-state" of a binary switch Nam et al., 2007) . During the off-state of the binary switch, Su(H) and the corepressors H, Gro, and CtBP assemble in a cooperative manner on a specific enhancer site to inhibit E(spl) expression Castro et al., 2005; Nagel and Preiss, 2011; Nagel et al., 2005; Nam et al., 2007) . When the Notch receptor is activated, the cleaved NICD translocates into the nucleus to drive the expression of E(spl) by antagonizing the H, Gro, and CtBP corepressors (Helms et al., 1999) . A distinct repertoire of transcriptional coactivator and corepressor proteins is expressed in a cell-type dependent manner and utilized based on the physiological requirements and the developmental time point of the cell. The signal-induced utilization of coactivator or corepressor proteins that are delegated to a cohort of cells and that regulate spatial gene expression is an essential property of transcriptional regulation . Coactivator and corepressor proteins work cooperatively when they are needed to regulate the fidelity of developmental signaling .
It is probable that under a unique physiological and developmental context, dFOXO functions as a transcriptional coactivator protein downstream of the Akt-stimulated pathway. In this capacity, nuclear dFOXO interacts with Su(H) and other coactivator proteins including Mam and the NICD to promote E(spl) expression (Fig. 9B ). As such, the dFOXO-Su(H)-Mam-NICD protein complex turns the binary switch to the on-state to promote transcription (Kitamura et al., 2007; Nam et al., 2007) . We propose that Mid functions as a corepressor to compete with the dFOXO coactivator protein for association with Su(H) strictly in the context of SOP cell fate specification (Fig. 9A) . If Mid successfully associates with Su(H), then essential corepressors cooperatively assemble onto the transcriptional unit ( Fig. 9A) (Kitamura et al., 2007) . By antagonizing and displacing dFOXO binding to Su(H), a Mid-Su(H) complex then recruits Gro (Fig. 5) , H, and CtBP corepressors to inhibit E(Spl) expression and to turn the binary switch back to the default "off" position.
The model we propose is supported in part by in vitro cellculture studies of mammalian Foxo1, expressed during myogenic differentiation in mice. The Csl amino-terminal domain represents the mammalian homolog of Su(H) and is required for corepressor binding. Upon Csl association with Foxo1, the expression of the mammalian homolog of E(Spl), Hes1, is dramatically increased (Kitamura et al., 2007) . Related studies have confirmed that the Mid mammalian homolog Tbx20 binds directly to the Su(H) corepressor Transducin-like Enhancer of Split (TLE) which is analogous to Groucho (Kaltenbrun et al., 2013) . Thus, alternatively, a complex of Tbx20 and TLE bound to Su(H) may suppress Hes1 expression, while a complex of Foxo1 bound to Su(H) dissociates Tbx20 corepressors to increase Hes1 expression. We hypothesize that a Mid-Su(H) interaction recruits Gro to form a ternary complex: Gro-Mid-Su(H).
Our previous studies proposed that mid functions in the Notch-Delta lateral inhibition signal transduction pathway to regulate neuronal cell-fate specification of SOP cells within the developing eye (Das et al., 2013) . In this study, the functional intersection of Mid within Notch and Akt signaling pathways engaged in crosstalk appears to depend on the threshold of dFOXO activity. By regulating the dosage of dFOXO in either UAS-mid-RNAi/+;GMR-Gal4/dFOXO 25 or UAS-mid-RNAi/+;GMRGal4/dFOXO Δ94 compound eyes, we have potentially recovered an essential Gro-Mid-Su(H)-H-CtBP stoichiometry assembled at the E(spl) enhancer region required for E(spl) expression and recovered SOP neuronal cell fates.
Alternative functional roles of Mid within the InR/ Akt signaling pathway
Under mid-RNAi conditions, we may have evoked higher levels of both dp53 and dFOXO expression. Parallel upregulation of p53 and specific FOXO family members within vertebrates is known to lead to apoptosis (You and Mak, 2005) . In addition, Mid may transcriptionally regulate the expression of the InR, dFOXO, and specific dILPs including dILP2, dILP5, and dILP6 under specific physiological circumstances or stressors (Fig. 1A) . For instance, Mid may serve to inhibit InR, dFOXO, dILP2, and dILP6 expression when levels of glucose are high immediately after feeding or under extreme metabolic conditions induced by hyperinsulinemia or a diabetic state. Inversely, under starvation conditions, Mid can then activate InR expression downstream of dFOXO to regulate growth and development of the CNS.
Since we detect Mid in the cytoplasm of WT 3 o L eye imaginal discs via Western analyses (Fig. 6) , we speculate that Mid and H15 have the opportunity to physically interact with specific cytoplasmic members of the InR or Akt signaling pathways. As an example, Mid may inhibit InR kinase activity by serving as an InR substrate that competes with Chico for phosphorylation. Evidence for this possibility is supported by the presence of a consensus amino acid tyrosine phosphorylation sequence GSHPYLCNG specific for the InR kinase located within the Mid amino-terminal domain (E-value score = 94) (http://kinasephos.mbc.nctu.edu.tw/predict.php). Alternatively, Mid may function further downstream of the InR to successfully block PIP3 production by inhibiting PI3K. Further biochemical experimentation is required to elucidate whether cytoplasmic pools of Mid affect InR signaling.
Mid genetically antagonizes the tumor suppressor PTEN
It is curious that Mid appears to play a bifunctional role in modulating Akt signaling by antagonizing most Akt pathway members while blocking PTEN repressor activity directed at PI3K. It is also paradoxical that a pro-survival factor such as Mid inhibits the activity of PTEN phosphatase, a protective tumor suppressor. However, it has been shown that overexpression of PTEN in the developing eye induces apoptosis (Huang et al., 1999) . It is possible that we have induced high levels of PTEN expression under mid-RNAi conditions in which abnormally high levels of apoptosis (Das et al., 2013) and dp53 (data not shown) are detected within the eye imaginal disc during early pupal stages (Das et al., 2013) . By reducing PTEN expression in the mid-RNAi background, we likely have reduced the threshold of PTEN activity to near normal levels hence accounting for the major suppression of the mid-RNAi mutant phenotype and recovered IOBs. This explanation, however, still does not account for why mid genetically antagonizes PI3K since reduced levels of PTEN should serve to increase PI3K and higher levels of PIP3. Moreover, loss of PTEN has been shown to give rise to increased PIP3 signaling in cell culture model systems (Stambolic et al., 1998; Sun et al., 1999) .
From research on vulval development in C. elegans, PTEN has been shown to inhibit the RAS/Mitogen-activated protein kinase (MAPK) pathway within vulval precursor cells independently of InR-activated signaling pathways that activate Akt and FOXO (Nakdimon et al., 2012) . Thus, we may have identified Mid as an adjunct negative regulator of PTEN activity that dominantly favors RAS/MAPK signaling. RAS/MAPK signaling has been shown to play an essential role in mediating neuronal cell fate specification of photoreceptors in the developing Drosophila eye (Charlton-Perkins et al., 2011) .
3.4.
Mid and H15: nucleocytoplasmic factors regulating InR/Akt, JNK, and/or Notch signaling?
We detected Mid within both the cytoplasm and nucleus from tissue homogenates of WT 3 o L tissues (Fig. 6) . A nucleocytoplasmic distribution for Mid suggests that this protein shuttles between the nucleus and cytoplasm. Support for this idea is based on an analogous nucleocytoplasmic shuttling mechanism discovered for the Tbx5 protein in the developing endocardial cushion of the mouse heart (Bimber et al., 2007) . All vertebrate and Drosophila T-box amino acid protein sequences, including that for Mid, contain at least one evolutionarily conserved nuclear localization signal (NLS) consisting of acidic amino acid residues and a nuclear export domain with a conserved hydrophobic sequence: ϕXXϕXXϕXϕ (ϕ represents hydrophobic residues L, I, F, and V; X represents any amino acid) (Bimber et al., 2007; Kulisz and Simon, 2008) . It is compelling to theorize that nucleocytoplasmic shuttling of Mid occurs and is dynamically regulated by a cascade of signaling events downstream of environmental signals.
While the ability of Mid to exhibit nucleocytoplasmic shuttling remains to be proven, this transport mechanism is exhibited by several unique classes of transcription factor families whose vertebrate members include several isoforms of FOXO, SMAD, SOX, and JAK protein families (Arbouzova and Zeidler, 2006; Malki et al., 2010) . Indeed, a co-transport mechanism for shuttling dFOXO and Mid into the nucleus would further the idea that both transcription factors compete with each other to assemble within multiprotein complexes consisting of Su(H) to effect the expression of E(Spl) or with the AP-1 TF complex to regulate JNK target gene expression. By exhibiting a cytoplasmic distribution, Mid has the potential to regulate N, InR, and JNK signaling independent of its transcriptional role within the nucleus.
3.5.
Mid and dFOXO: friends or foes?
We have gathered genetic experimental evidence suggesting that a reciprocal antagonistic relationship exists between Mid and dFOXO within the nucleus to affect differential gene expression important for SOP cell fate specification during early pupal eye disc development. We previously discussed a model based on the assumption that Mid and dFOXO function in a cell autonomous manner to regulate E(spl) expression downstream of Notch (Fig. 9) . In this case, Mid and dFOXO are likened to foes, rivals that challenge the proper articulation of the Notch-Delta lateral inhibition mechanism to correctly specify neuronal SOP cells. However, for dFOXO, a condition of stress is a prerequisite that must be fulfilled in order for it to "enter the ring" of the nuclear arena.
Under mid-RNAi conditions, apoptosis is rampant (Das et al., 2013) . The downstream consequences associated with apoptosis, such as oxidative stress, may lure dFOXO into the nuclear arena via activation of the dAKT and JNK pathways. In this capacity, dFOXO can evert the cell from a pro-neuronal program to one that is engaged in mediating integrated signals from the dAkt and JNK pathways eventually leading to increased expression of pro-apoptotic genes. Moreover, in a Drosophila model for Alzheimer's disease, dFOXO has been shown to translocate into the nucleus of Drosophila neurons under oxidative stress conditions to activate the expression of the pro-apoptotic gene Bim (Wang et al., 2014) .
The oxidative induction studies we carried out have indicated that reductions in mid lead to a minor degree of resistance to oxidative stress (Fig. 7) . However, because dFOXO assumes the lead as a nuclear regulator, cell survival is compromised even under mid-RNAi genetic conditions. Mid is proven genetically to antagonize the InR and JNK pathways under normal physiological conditions (Figs. 3 and 4) . We believe that under conditions of oxidative stress, Mid is capable of antagonizing the InR and JNK pathways. This explains why paraquat treatment and obesity induction within mid-RNAi larvae resulted in a partial suppression of the mid-RNAi mutant bristle phenotype (Fig. 7) .
Conversely, by analogy we have shown that dFOXO can also function as "friend" since dFOXO is required for the expression of Mid within a population of PN within the eye imaginal disc ( Fig. 8D and F; Supplemental Fig. S2 ). We are intrigued that Mid and dFOXO are required for maintaining a narrow band of En expression posterior of the MF. This surprising clue enables us to support a hypothesis discussed in Das et al. (2013) in which we gathered indirect evidence to suggest that Mid regulates Hedgehog (Hh) expression in a cell non-autonomous manner. Subsequently, a convergence of morphogenic signals including Hh regulates the selection of pre-proneural SOP cells either within or anterior of the MF. Hh is coexpressed with En in parasegments of the embryo (Heemskerk and DiNardo, 1994) . En is required for Hh expression (Gilbert, 2014; Sanchez et al., 2008) .
To update our model, we predict that En expression posterior of the MF is activated by Mid in a cell non-autonomous manner to subsequently activate Hh expression. In a future study, we will also examine the expression of wg within mid-RNAi 3 o L eye discs. In odd-numbered abdominal segments of the Drosophila embryo, a mid mutation disrupted an asymmetric Hh signal required for activating Wg expression in cells located anteriorly of those cells producing Hh (Buescher et al., 2004) . With a symmetric Hh signal, mid LOF conditions resulted in a wg GOF phenotype. We suspect that we will observe a wg GOF phenotype under mid LOF conditions in the 3 o L eye imaginal disc. In closing, however, all critical morphogenic signaling in the 3 o L eye disc would not be possible in the absence of dILPs stimulating the InR pathway and dFOXO activity.
The dILP effect
We have validated that the GMR-Gal4 transgenic line is exhibiting effects outside the boundary of the eye imaginal disc in which it is reported to function (Das et al., 2013; Hay et al., 1994) . Of note, the GMR-Gal4 construct has been reported to affect wing development and is also expressed in the brain where IPCs reside (Li et al., 2012) . The latter functional impact leads us to hypothesize that GMR-Gal4 is affecting dILPmediated activation of the InR and thus overall growth of the organism. Unless dILP2, dILP5, and dILP6 are expressed within 3 o L eye imaginal disc tissues, we find it curious that mutant alleles of dILP2, dILP5, and dILP6 placed in the mid-RNAi background suppress the mutant phenotype (Fig. 3A-C) .
Further experimentation with selective drivers to target mid loss-of-function and gain-of-function studies in other tissues such as select regions of the brain, the fat body, and salivary gland will lead us to gain a larger perspective of the potential co-regulatory role of Mid and dFOXO function in tissues that regulate dILP and InR signaling. Perhaps in this endeavor we will solidify a new TF combinatorial code utilizing Mid and dFOXO among other TFs that is vital for programming neuronal survival and thus, critical for driving most if not all aspects of CNS and eye development that follow.
Methods
Fly stocks
Drosophila melanogaster strains were maintained at 25°C on standard cornmeal-yeast-agar media on a 12 hour light-dark cycle. Oregon-R flies were used as wild-type (WT) and the yw; +/+; FRT82dFOXO 25 /TM6 Tb Hu line was provided by Ernst Hafen (Junger et al., 2003) (Fig. 2, Table 3, and Supplementary Table S5) . We used the UAS-Gal4 system (Brand and Perrimon, 1993) and the eye-specific driver GMR-Gal4 balanced on chromosome III (a gift from Tanya Wolff; Hay et al., 1994) to express UAS-midRNAi in WT and specific mutant backgrounds (provided by Rolf Bodmer) (Qian et al., 2005) .
The GFP-dFOXO transgenic line w
1118
;P{GMR59G09-GAL4}attP2 and the following lines were obtained from the Bloomington Stock Center (Bloomington, Indiana): Df(3R)ED5634 (stock 9228), Df(3R)Exel7321 (stock 7977), Df(3R)BSC617 (stock 25692), and Df(3R)BSC470 (stock 24974) ( Table 2) . Except where noted, all of the following stocks of mutant alleles listed in Supplementary  Tables S2-S5 were also obtained from the Bloomington Stock Center (IN).
4.2.
Collecting eye images for genetic and allelic modifier screens
We screened a fraction of isogenized DrosDel deficiency lines obtained from the Bloomington Stock Center by crossing each line to UAS-mid-RNAi/CyO;GMR-Gal4/TM3 (mid-RNAi) flies exhibiting a sensitized genetic mutation for mid characterized by an approximate 50% decrease of bristle complexes (Das et al., 2013) . Bristles were counted from 1-day-old female progeny generated from the cross that were maintained at 25°C. Groups of ten flies of the genotype UAS-mid-RNAi/+;GMR-Gal4/Df(3) or UAS-mid-RNAi/+;GMR-Gal4/allele (as well as other progeny of select genotypes) were transfixed to a slide with clear nail polish lacquer and submerged in water. The complete eye field was viewed under a high-power Leica M165C dissection microscope. A series of images were collected along 10-15 focal planes and digitally recorded using a Leica DFC camera. These images were flattened to create a final montage using Image Pro Plus software to correct for eye curvature and to digitally tag bristles within the dorsal half of the eye for accurate quantification (Media Cybernetics Inc., Bethesda, MD). Using these methods, we identified several deficiency lines that modified the mid mutant phenotype (unpublished data). Of these lines, flies heterozygous for Df(3R)ED5634 (88A4;88B1) placed within the midRNAi genetic background significantly suppressed the mid mutant phenotype. Overlapping deficiency analyses were carried out and the outcome is reported in Section 2 as well as in Supplementary Table S1 and Supplementary Fig. S1 .
Confocal scanning microscopy
Confocal images were obtained by a Zeiss LSM510 META confocal microscope and analyzed using the accompanying Zeiss LSM Image Browser software (version 5).
Immunofluorescent studies
Larval eye-antennal imaginal discs were developmentally staged from timed collections of embryos laid for a 15-30 minute period from a population cage. Embryos were allowed to develop into late wandering 3 o L larvae by the criteria of Bainbridge and Bownes (1981) . The eye-antennal imaginal discs were dissected in cold phosphate buffered saline (PBS) and then fixed for 30 minutes on ice under continuous shaking in fresh PEMF buffer containing 0.1 M PIPES (pH 7.0), 1 mM MgSO4, 2 mM EGTA and 3.7% paraformaldehyde (per communication with Graeme Mardon; Carroll and Whyte, 1989) . After fixation, imaginal eyeantennal discs were washed three times for 10 minutes with PAXD buffer (PBS supplemented with 1% bovine serum albumin, 0.3% Triton X-100 and 0.3% sodium deoxycholate) (Walther and Pichaud, 2006) . Fixed discs were incubated with 1% goat serum for 1 hr at 25°C followed by the addition of primary antibodies for 4 hrs at 25°C or overnight at 4°C. We used the following primary antibodies at the indicated dilutions for this study: rabbit anti-Mid (1:800) (Leal et al., 2009 ) and anti-En (1:10) (Developmental Studies Hybridoma Bank) (Patel et al., 1989) . We used Alexafluor 488 and 594 secondary antibodies with appropriate species specificity for immunofluorescent labeling (Molecular Probes). Samples were mounted in 50% 1,4-diazabicyclo[2.2.2]octane (DABCO). Chemicals including goat pre-immune serum were obtained from Sigma-Aldrich (St. Louis, MO).
4.5.
Oxidative stress studies
Sexually mature WT OR and mid-RNAi flies were allowed to lay eggs for 2 days within narrow Drosophila vials containing normal JazzMix media (Fisher Scientific) or JazzMix media containing either paraquat or 20% virgin coconut oil. The doses of paraquat tested were 1, 5, 10, 20, and 30 mM. The eggs developed into larvae that consumed either medium containing paraquat or 20% coconut oil throughout all larval stages until pupation. After eclosion, 30 non-treated WT and drug-treated 1-day-old female flies were exposed to Flynap (Carolina Biologicals) for anesthesia, collected, and mounted with nail polish on a glass slide for gathering eye images as previously described (Section 4.3). Paraquat and coconut oil were obtained from Sigma Aldrich (St. Louis, MO). Areas of the dorsal half of the compound eyes were measured using Image Proanalyzer Plus software and the equation for calculating the area of an ellipse which overlapped with the circumference of the eye field. The area quantified in pixels was then divided into half to calculate the dorsal half of the eye area. The number of bristles was divided by the area of the tissue to obtain bristles per unit area in pixels.
4.6.
Starvation stress studies /TM3 flies were maintained in population cages and then allowed to lay eggs for 4 hours on grape juice caps with yeast paste. Approximately 80 hours after egg laying, 3 o L larvae were transferred into vials with either standard fly medium or starvation medium (8% agar in PBS) for 24 hrs. UAS-mid-RNAi flies were transferred to media conditions after 88 hours due to a slight delay of their growth. After 24 hrs, 30 flies were collected and dorsal ommatidial bristles were scored using a Leica DFC295 light microscope with Image-Pro Analyzer 7.0 software (Media Cybernetics). Ommatidial areas were measured using Image Proanalyzer Plus as previously described (Section 4.5).
4.7.
Purification of nuclear and cytoplasmic extracts
We followed the protocol of Udvardy and Schedl (1984) with only slight modifications to obtain relatively pure nuclear and cytoplasmic fractions. Approximately 0.5 g (~500 µl wet volume) of WT, mid-RNAi, and dFOXO Δ94 3 o L were collected and snap frozen under liquid nitrogen for storage. Frozen 3 o L larvae were pulverized under liquid nitrogen with a mortar and pestle and dounce homogenized on ice in cold "Buffer A" containing 0.25 M sucrose, 60 mM KCl, 15 mM NaCl, 15 mM Tris-HCl (pH = 7.5), 0.1 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, aprotinin (2 µg/ ml), and leupeptin (0.5 µg/ml). The homogenate was spun at 5000 RPM (3024 × g) using the JA-20 rotor for 5 minutes to remove debris. NP-40 was then added to a final v/v concentration of 0.2% followed by a short 5 s vortex and three 10 s high-frequency pulses on ice using a Fisher sonic dismembrator model 300. The nuclei were pelleted at 5000 RPM for 10 minutes using the JA-20 and the cytoplasmic extract was isolated (supernatant). The nuclear pellets were resuspended in "Buffer A*" without EDTA and EGTA, but supplemented with 1 mM CaCl2. The nuclei were spun again at 5000 RPM for 10 minutes and resuspended in "Buffer A*". We validated that nuclei were isolated using the trypan blue exclusion test and observing the extract under a high-magnification compound light microscope. Cytoplasmic and nuclear extracts were flash frozen in liquid nitrogen and stored at −70°C until further use. All chemicals used were obtained from Sigma-Aldrich (St. Louis, MO).
Western analyses
We used the Bradford assay (Pierce Biochemical) to measure protein concentrations of nuclear and cytoplasmic fractions for loading equivalent sample amounts for SDS-PAGE. We ran the samples on a 10% gel and then transferred the proteins to a polyvinylidene difluoride (PVDF) membrane for immunoblotting with rabbit anti-Mid antibody at a 1:1000 dilution (Leal et al., 2009) , mouse anti-Lamin C antibody (1:1000 dilution), or mouse anti-Beta-Tubulin antibody (1:300) (Developmental Studies Hybridoma Bank, Iowa, WI) for 4 hrs at 25°C in PBST (PBS containing 0.1% Tween) containing 5% milk (Carnation ® ) followed by three 10 minute rinses with PBST. The PVDF membrane was next incubated with secondary anti-rabbit or anti-mouse antibodies conjugated to horse radish peroxidase at a dilution of 1:30,000 for 1 hr at 25°C. Following this incubation and three 5 minute washes with PBST, we used the Amersham ECL Prime Western Blotting Detection Reagent from GE Healthcare to develop the immunoblot. We also carried out either Coomassie Blue or Ponceau-S staining of the PVDF membrane after the protein transfer to check for equivalent loading of proteins.
Statistical analyses
The mean, standard errors of the mean and Student T-tests for Fig. 7 were calculated using Microsoft Excel software. The IOB counts for the majority of genotypes assayed were statistically analyzed using Shapiro-Wilk's test for measuring the normal distribution of each data set (JMP10 software, SAS Institute Inc.). We also estimated the equal variance between groups using Barlett's test. Data sets that met the assumptions of a normal distribution and equal variance were then analyzed using the one-factor ANOVA and Tukey's HSD to generate p values between assessed pairs of data. Data sets exhibiting unequal variance or an unequal distribution were analyzed by the Wilcoxon rank-sum test. All of the probability values were calculated setting the level of significance (α) to 0.05. The mean and standard deviation of fluorescent intensities of Mid and En expression depicted in Supplementary  Fig. S2 were determined using Icy (Icy.bioimageanalysis.org) and Zeiss imaging software (data not shown). Applying both methods yielded similar results.
Software programs: Confocal microscope images were assembled using Adobe Photoshop CS6 software (Adobe Systems, Inc.). We used GraphPad software, Inc. (La Jolla, CA) to present data in bar chart format. Image Analyzer Plus software was used to measure the surface area of compound eyes as described in Section 4.5.
